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Skin equivalents formed by keratinocytes cocultured
with fibroblasts embedded in collagen lattices represent
promising tools for mechanistic studies of skin
physiology, for pharmacotoxicologic testing, and for
the use as skin substitutes in wound treatment. Such
cultures would be superior in defined media to avoid
interference with components of serum or tissue
extracts. Here we demonstrate that a defined medium
(supplemented keratinocyte defined medium) supports
epidermal morphogenesis in organotypic cocultures
equally well as serum-containing medium (mixture of
Ham’s F12 and Dulbecco’s modified Eagle’s medium),
as documented by hallmarks of the epidermal pheno-
type studied by immunofluorescence and electron
microscopy. In both cases regularly structured,
orthokeratinized epithelia evolved with similar
kinetics. Morphology in mixture of Ham’s F12 and
Dulbecco’s modified Eagle’s medium was slightly
hyperplastic, and keratins 1 and 10 synthesis less co-
ordinated than in supplemented keratinocyte defined
medium, but a consistently inverted sequence of
To protect the body against desiccation and otherphysical, microbial, and chemical impacts, the epi-dermis generates an efficient barrier in the cornifiedcell layer (Watt, 1989). The continuous productionof the stratum corneum as the final stage of the
epidermal differentiation process involves coordinately regulated
gene expression in the keratinocytes in balance with cell prolifera-
tion, thus maintaining tissue homeostasis. Pathologic conditions in
skin involve disturbances in this steady state, which are also
inducible by potent pharmacologic agents, such as vitamins A and
D and transforming growth factor β (Choi and Fuchs, 1990;
Regnier and Darmon, 1991). Physiologic maintenance of homeo-
stasis requires the proper functioning of control mechanisms
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expression of keratins 1 and 10 was found in either
medium. The late differentiation markers filaggrin,
involucrin, keratin 2e, and transglutaminase 1 corres-
ponded in their typical distribution in upper suprabasal
layers. Keratin 16 persisted under both conditions
indicating the activated epidermal state. Keratinocyte
proliferation was comparable in both media, whereas
fibroblast multiplication and proliferation was delayed
and reduced in supplemented keratinocyte defined
medium. In both media, ultrastructural features of
epidermal differentiation as well as reconstitution of a
basement membrane occurred similarly. Immature
lamellar bodies and cytoplasmatic vacuoles, however,
indicated an impaired lipid metabolism in supple-
mented keratinocyte defined medium. Nevertheless,
these defined organotypic cocultures provide a suit-
able basis for in vitro skin models to study molecular
mechanisms of tissue homeostasis and for use in
pharmacotoxicologic testing. Keywords: epithelial proli-
feration/fibroblast dynamics/serum-free cultivation/skin
equivalents. J Invest Dermatol 112:681–691, 1999
regulated by epithelial–mesenchymal interactions and mediated by
diffusible factors (Boukamp et al, 1990; Werner et al, 1992;
Fusenig, 1994a).
In order to study the molecular mechanisms of these regulations
in vitro, while maintaining the major principles of skin biology,
three-dimensional organotypic cocultures have been developed. By
mimicking the natural tissue architecture, although in a simplified
form, such conditions enable keratinocytes to recapitulate their
tissue-specific differentiation program in vitro (Bell et al, 1981;
Coulomb et al, 1989; Parenteau et al, 1991; Contard et al, 1993;
reviewed by Fusenig, 1994a). In such cocultures, the function of
diffusible factors mediating epithelial–mesenchymal interactions
and the dynamics of basement membrane formation have been
studied (Boxman et al, 1993; Smola et al, 1993, 1994, 1998).
Furthermore, many aspects of epidermal biology depending on
regular keratinocyte differentiation became accessible, e.g., the re-
epithelialization in wound closure, the relation of proliferation and
integrin pattern, the expression of human papilloma virus promoters,
and also the development of the stratum corneum barrier (Garlick
and Taichman, 1994; Nuss Parker et al, 1997; Ponec et al, 1997b;
Rikimaru et al, 1997). Likewise, organotypic cocultures have proved
well-suited systems to test the effects of differentiation modulators,
growth as well as nutritive factors (Choi and Fuchs, 1990; Boyce
and Williams, 1993; Ponec et al, 1997a). Besides their role in basic
skin biology research, cultured skin equivalents are valuable tools
for pharmacologic and toxicologic in vitro testing as an alternative
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to animal models (Gay et al, 1992; Fusenig, 1994b; Ponec and
Kempenaar, 1995) and for therapeutic use as skin substitutes (e.g.,
wound coverage, gene therapy) (reviewed by Boyce, 1996). In all
these fields of application, standardization of the in vitro system
is required.
A major step towards this goal is the development of defined
culture conditions by eliminating ill-defined medium supplements,
such as serum or organ extracts, containing many bioactive factors
in highly variable and mostly unknown composition, which may
seriously interfere with physiologic interactions and compromise
the clinical application of skin equivalents as grafts. Therefore, it
was the aim of this study to adapt organotypic keratinocyte cultures
to defined conditions and to characterize their differentiation
potential in direct comparison with cultivation in conventional
medium with serum. For this purpose, we modified the com-
mercially available keratinocyte defined medium (KDM), i.e.,
the basal version of the MCDB153-derived keratinocyte growth
medium (KGM) without bovine pituitary extract (Boyce and Ham,
1983), and called it supplemented KDM (SKDM). Our results
indicate that under defined medium conditions a rather epidermal
phenotype was obtained that correlated with the typical distribution
of epidermal differentiation markers, as seen in serum-containing
medium. Slight morphologic deficiencies occur, however, which
correspond to an altered lipid metabolism (Ponec et al, 1995) and
fragility of basement membrane, thus suggesting the need for
further supplementation of the defined medium. Nevertheless,
using keratinocytes and fibroblasts from adult skin, the resulting
epidermal phenotype resembles native epidermis in many respects
and renders this defined culture model a valuable tool for further
studies.
MATERIALS AND METHODS
Cell isolation and culture Epidermis from adult human skin (mostly
from breast reduction surgery) was separated after trypsin preincuba-
tion (0.6%, 30 min, 37°C) (Smola et al, 1993). Normal human keratino-
cytes were released by gentle pipetting and plated at a density of 2–3 3 104
cells per cm2 on 70 Gy X-irradiated human dermal fibroblasts as feeders
(Limat et al, 1989). The culture medium consisted of a 1:3 mixture
of Ham’s F12 and Dulbecco’s modified Eagle’s medium (traditionally
named FAD; Wu et al, 1982) supplemented with 5% fetal bovine serum
(FBS) (Boehringer, Mannheim, Germany), 5 µg insulin per ml, 1.8 3
10–4 M adenine, 10–10 M cholera toxin, 0.4 µg hydrocortisone (all Sigma,
Deisenhofen, Germany) per ml, and 1 ng human recombinant epidermal
growth factor (Promocell, Heidelberg, Germany) per ml. After the first
passage keratinocytes were cryopreserved. Two individual strains, proven
in cloning assays for optimal growth potential and absence of fibroblast
contaminations, were used throughout this study from frozen stocks.
Human dermal fibroblasts were obtained from explant cultures of
deepidermized dermis and cultivated in Dulbecco’s modified Eagle’s
medium with 10% FBS. Again, two cell strains were frozen and employed
in these studies.
Organotypic cocultures Dermal equivalents for organotypic cocultures
were prepared with native type I collagen extracted from rat tail tendons
with 0.1% acetic acid (Fusenig, 1994a). The lyophilized collagen was
redissolved with 0.1% acetic acid to a final concentration of 4 mg per ml.
Eight volumes of ice-cold collagen solution were mixed with 1 volume
of 10 3 Hank’s buffered saline followed by neutralization with 2 M
NaOH. One volume of FBS was added with suspended fibroblasts
(passages 5–8) and mixed thoroughly resulting in a final concentration of
3.2 mg collagen per ml and 1 3 105 cells per ml. Of this mixture 2.5 ml
each were poured into polycarbonate membrane filter inserts (Falcon no.
3501, Becton Dickinson, Heidelberg, Germany), placed in special deep six
well trays (Becton Dickinson) and allowed to gellify at 37°C. Glass rings
(24 mm outer, 20 mm inner diameter) were put on to the gels, to compress
them and to provide a flat central area for keratinocyte seeding. The gels
were equilibrated with FAD medium supplemented with 10% FBS,
10–10 M cholera toxin, 0.4 µg hydrocortisone per ml and 50 µg L-ascorbic
acid (Sigma) per ml. The next day, µ1 3 106 keratinocytes (2.5–3.5 3 105
per cm2) were seeded on top of the collagen matrix. After submerse
incubation overnight the cultures were raised to the air–medium interface
by lowering the medium level. The defined medium was composed of
keratinocyte defined medium (KDM, Promocell, Heidelberg, Germany,
also available from BioWhittacker/Clonetics, Walkersville, MD), based on
modified MCDB153 (Boyce and Ham, 1983) but without pituitary extract,
containing 5 µg insulin per ml, 0.5 µg hydrocortisone per ml, and
0.1 ng human recombinant epidermal growth factor per ml, and further
supplemented with 20 µg transferrin (Promocell) per ml, 0.1% highly
purified bovine serum albumin (endotoxin and fatty acid free; Vitromex,
Selters, Germany), 50 µg L-ascorbic acid per ml, and adjusted to 1.3 mM
Ca21. This formula was designated SKDM. The cultures were rinsed with
SKDM to remove residual serum and further incubated therein with
medium changes every 2–3 d.
Transplantation of organotypic cocultures on to nude mice Dermal
equivalents (see above) were fabricated by pouring 0.75 ml aliquots of the
collagen fibroblast mixture into 24 well plates. The resulting gels (1.6 cm
diameter) were mounted into two concentric Teflon rings (Combi Ring
Dish, CRD; Noser and Limat, 1987), provided by Renner KG (Dannstadt,
Germany), equilibrated in FAD medium and inoculated with 2.5 3 105
keratinocytes (6.5 3 105 per cm2). The next day, these organotypic cultures
were rinsed, drained, covered with a hat-like silicone transplantation
chamber (Renner KG), and transplanted on to the dorsal muscle fascia of
nude mice, as described (Breitkreutz et al, 1997). Transplants were dissected
en bloc and processed for routine histology, electron microscopy, and
cryosectioning.
Indirect immunofluorescence microscopy At indicated time points
in vitro skin equivalents and dissected transplants were embedded in
Tissue Tek OCT compound (Miles, Elkhart, IN) and frozen in liquid
nitrogen vapor. Cryosections, made at 4–6 µm settings, were mounted on
3-aminopropyl-triethoxy-silane-coated slides, air dried, and processed as
described (Breitkreutz et al, 1997). Briefly, the specimens were fixed for
5 min in 80% methanol at 4°C followed by 2 min in pure acetone at
–20°C, rehydrated and preblocked in phosphate-buffered saline (PBS) with
2% BSA and 0.1% NP40, and incubated with the primary antibodies for
2 h or overnight at room temperature in a moist chamber. In case of
double labeling the two antibodies were applied simultaneously. After
washing three times in PBS, the sections were incubated for 45 min with
species-specific, fluorochrome-conjugated, immunoglobulin antisera as
secondary antibodies (Dianova, Hamburg; Sigma; Biotrend, Cologne,
Germany), washed again in PBS and finally in deionized water and
mounted in Permafluor (Immunotech, Hamburg, Germany). Sections were
examined and photographed with a Leica DMRBE/RD photomicroscope
equipped with epifluorescence illumination.
Sequence-specific antisera against peptides of keratin 1 (K1) and K10
were a generous gift from Dennis Roop (Baylor College, Houston, TX).
Fiona Watt (ICRF, London, U.K.) kindly provided rabbit anti-involucrin
(Watt et al, 1987), Daniel Hohl (CHUV, Lausanne, Switzerland) rabbit
anti-loricrin (Hohl et al, 1991), Jean-Michel Foidart rabbit anti-type-IV
collagen (Foidart and Reddi, 1980), and Irene Leigh (London Hospital,
Whitechapel and ICRF, London, U.K.) the monoclonal antibodies LH7.2
against collagen type VII and LL025 against K16 (Leigh et al, 1995).
Monoclonal antibodies B.C1 against human transglutaminase type 1 and
no. 5002 against human filaggrin were purchased from Monosan (Uden,
The Netherlands) and Ks 2342.7.1 against K2e from Progen (Heidelberg,
Germany).
Proliferation assay The organotypic cocultures were incubated with a
mixture of 5-bromodeoxyuridine (BrdU) and 5-bromodeoxycytidine
(Sigma; both 65 µM, added to the culture medium) for 18 h before being
terminated. DNA incorporation of these nucleotide analogs in replicating
cells was detected on cryosections with a monoclonal antibody (anti-BrdU,
Partec, Arlesheim, Switzerland) after sequential methanol and acetone
fixation as described above and 10 min incubation with 1.5 M HCl at
room temperature followed by thorough rinsing in PBS. Nuclei were
counterstained by 5 µg bisbenzimide (Hoechst 33258, Sigma) per ml,
which had been added to the secondary antibody incubation. To determine
the proliferative indices, BrdU-labeled and all basal cell nuclei were counted
in at least three vision fields of three to five sections of each culture
specimen. Four separate experiments designed for medium comparison
were performed in duplicates.
Histology and electron microscopy For histology, specimens of
organotypic cocultures were fixed in 3.7% formaldehyde (in PBS, pH 7.4)
for 24 h, embedded in 3% agar in PBS to prevent detachment at the
epithelial-matrix junction, and again fixed for an additional 24 h. After
dehydration, specimens were embedded in paraffin, and 5 µm sections
were stained with hematoxylin and eosin.
For transmission electron microscopy, fixation was performed by incuba-
tion in 2.5% glutaraldehyde in 0.05% sodium cacodylate buffer (pH 7.2)
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for 2 h at room temperature, followed by 2% OsO4 in 25 mM cacodylate
buffer for 1 h. The specimens were further incubated for 18 h in 1%
aqueous uranyl acetate, dehydrated, and embedded in EPON 812. Ultrathin
sections were collected on copper grids coated with Piloform F (Walter
Hert, Munich, Germany), stained with uranyl acetate and lead citrate, and
examined on a Zeiss EM 10 electron microscope.
Evaluation of dermal equivalents The fibroblast population dynamics
was determined in the dermal equivalents of organotypic cocultures. The
epithelia were peeled off completely with fine forceps (the separation of
both tissues was evident by histology and the absence of keratin mRNA
in northern blot analysis) and the collagen gels were minced and liquefied
in 10 ml prewarmed Dulbecco’s modified Eagle’s medium with 10% FBS
by heating to 55–60°C in a water bath under occasional shaking. After the
gels were completely dissolved (5–18 min, depending on culture age), the
cells were pelleted by centrifugation (10 min, 180 3 g, room temperature),
resuspended in 1 ml serum-containing medium and counted in a CASY
1 electronic cell counter (model TTC; Scha¨rfe, Reutlingen, Germany).
Three individual cultures were processed at each time point.
The gel contraction and the size of the epithelial sheets were recorded
as means of the long and the short diameter of the mostly oval-shaped
collagen lattices and epithelia. At least four separate cultures were evaluated
per time point.
RESULTS
Epidermal phenotypes are formed in organotypic cocultures
in conventional as well as defined media The serum-free and
tissue-extract-free SKDM had been developed to provide defined
culture conditions for propagation and molecular analysis of the
HaCaT keratinocyte line (Baur, 1995). Whereas the immortalized
cells maintained proliferation for several passages in SKDM, normal
keratinocytes and fibroblasts barely proliferated and could not be
passaged as monocultures in this defined medium. In contrast,
when grown in SKDM as organotypic cocultures and due to cross-
feeding effects (Smola et al, 1993, 1994), keratinocytes exhibited a
rather normal proliferation, and fibroblast numbers increased,
though retarded, in the collagen gel (see below).
During the first 6–8 d of air-exposed cultivation the macroscopic
aspect of the epithelial surface changed progressively from a
wet and shiny to a dry and mat appearance. Histologically, this
corresponded to the development of stratified multilayered epithelia
with a thin but coherent orthokeratotic stratum corneum in FAD
as well as in SKDM (Fig 1). At this time, the morphology of FAD
cultures was less organized than in SKDM medium (Fig 1a, b).
With time, the number of cell layers increased, and after 2 wk
epidermal hyperplasia became more evident in FAD medium
(Fig 1c). These hyperplastic features persisted essentially unaltered
up to 3 wk (Fig 1e). In SKDM cultures after 2 and 3 wk, the
number of nucleated cell layers beneath a thickened stratum
corneum was reduced to a level similar to normal epidermis
(Fig 1d, f ).
In addition, in FAD and SKDM cocultures, different fibroblast
densities appeared in hematoxylin and eosin-stained sections
(Fig 1a–f ). This was not so markedly reflected, however, in
absolute cell counts (see also Fig 8).
Most epidermal differentiation markers are similarly
localized in both media Organotypic cocultures in FAD and
SKDM exhibited essentially identical localizations for most
epidermal differentiation markers. The results summarized in Fig 2
represent advanced differentiation stages of both culture types after
2 and 3 wk. The largely regular distribution of these proteins had
already been observed after 1 wk in culture.
Involucrin staining revealed the specific membrane-associated
honeycomb texture and an expanded distribution (Fig 2a, b)
commonly seen in regenerating epidermis (Watt et al, 1987; Choi
and Fuchs, 1990; Breitkreutz et al, 1997; Gibbs et al, 1997). The
granular filaggrin reaction coincided with the keratohyalin granules
detected in histology (Fig 2c, d). In the same location, i.e., in three
to four cell layers beneath the stratum corneum, the other late
differentiation markers loricrin (not shown), transglutaminase 1
(Fig 2e, f ), and K2e (Fig 2g, h) were found either membrane-
bound or within the cytoplasm (K2e). The epithelial border towards
the collagen matrix was visualized by counterstaining for collagen
IV, which was intense in FAD (Fig 2e, g). In SDKM the epithelium
often detached during cryosectioning, leading to an inconsistent
staining pattern (Fig 2f, h). The immunodetection of keratin 16,
an indicator for keratinocyte activation, as in wound healing,
showed a strong suprabasal expression in FAD as well as in SKDM
cultures even as late as after 3 wk suggesting ongoing regenerative
stimulation of keratinocytes (Fig 2i, j ).
Cytokeratins 1 and 10 are expressed very early in the process of
epidermal differentiation, when keratinocytes leave the stratum
basale and enter the suprabasal compartment, representing sensitive
indicators for the onset of the epidermal differentiation program.
With monospecific antisera against K1 and K10, respectively (Roop
et al, 1984) the expression patterns of those keratins were traced
individually revealing their partially uncoupled and inverse expres-
sion with K10 preceding K1 (Fig 3a–g). This discrepancy to the
in vivo situation where K1 precedes K10 (Fig 3h) was more
pronounced in FAD medium with a further delay in K10 and K1
expression (Fig 3a–f ).
Noticeably, omission of the cholera toxin supplement in FAD
medium reversed the hyperplasia-associated retardation of K1/K10
to a more regular suprabasal distribution similar to that observed
in SKDM cultures (Fig 3g, compare with 3d). This delayed and
inverse expression of K1 was even observed in surface transplants
of organotypic cocultures up to 2 wk (Fig 3i), but normalized to
the epidermis-specific situation with rare preceding K1 signals in
basal cells in 4 wk old transplants (Fig 3j ).
Ultrastructural features of epidermal differentiation and
basement membrane formation In electron microscopy, the
general appearance of basal keratinocytes and terminally differentiat-
ing cells was by and large comparable in both serum-containing
and defined organotypic cultures after 1 wk (Fig 4). Basal cells were
columnar containing abundant tonofilaments and were regularly
connected by desmosomes (Fig 4c, f ). In FAD medium they varied
more in size and shape (compare with Fig 1a). In the transitional
zone towards the horny layer cells harbored many keratohyalin
granules (Fig 4a, b, e) that appeared more numerous in the SKDM
cultures. Unique to SKDM were copious intracellular vacuoles,
most probably lipid droplets (Fig 4f ), accumulating in the cornified
squames (Fig 4e). Beneath the basal cell poles extended protrusions
were seen that frequently were shed off as vesicles and also occurred
more abundantly in SKDM cultures (Fig 4d, g).
Prolonged cultivation (Fig 5; 3 wk) gave rise to ultrastructural
features of advanced maturation. Basal cells became enriched in
tonofilament bundles and intensely interconnected by desmosomes
particularly evident in FAD cultures (Fig 5b and inset). Under both
conditions, keratinocytes achieved terminal differentiation into
orthokeratotic corneocytes with cornified envelopes (Fig 5a, f ).
The transitional cells contained mature stellate keratohyalin granules
and half-desmosomes towards the stratum corneum cells. In FAD
cultures, discharged lamellar bodies were detectable at the trans-
itional zone (Fig 5a and inset), whereas in SKDM cultures they
were less regularly organized (Fig 5f and inset). Furthermore, a
high degree of cytoplasmatic vacuolization persisted in basal and
parabasal keratinocytes as well as in the fibroblasts beneath (Fig 5g).
In both media a continuous basement membrane with a distinct
lamina lucida and lamina densa (Fig 5c, h) and numerous hemi-
desmosomes connected to keratin filaments (Fig 5d, i) had formed
after 3 wk (Smola et al, 1998). The continuous lamina densa in
FAD clearly exhibited anchoring fibrils (Fig 5e) that were not
observed in SKDM (Fig 5i).
Thus, the ultrastructural features of skin reconstitutes revealed
equivalent morphogenic potential under both culture conditions.
In the defined culture system, however, epithelial as well as
mesenchymal cells showed signs of an aberrant lipid metabolism
and exhibited delayed basement membrane organization.
Proliferation dynamics of keratinocyte and fibroblast
populations Epithelial proliferation kinetics were evaluated by
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Fig. 1. Epithelial morphogenesis in
organotypic keratinocyte–fibroblast
cocultures. Keratinocytes are cultivated
air-exposed on fibroblast containing
collagen lattices in serum-containing
medium (FAD; a, c, e) and defined medium
(SKDM; b, d, f) and processed for histology
at 1 wk (a, b), 2 wk (c, d), and 3 wk (e, f).
Time course of air-exposed cultivation of
keratinocytes seeded onto fibroblast
containing collagen lattices (1 wk, a, b;
2 wk, c, d; 3 wk, e, f ). There is a large
increase in stratifying cell layers during the
first week (a, b), while later on viable
layers approach an equilibrium with the
thickening stratum corneum. All
hematoxylin and eosin stained. Scale bar:
50 µm.
BrdU labeling. The initial phase (about day 4) was characterized
by an outburst of proliferative activity, which was similar in both
media with about 45% of the epithelial basal cells being BrdU
positive (Fig 6). Some labeled cells occurred also suprabasally, and
this fraction was higher in FAD (not shown). After 1 wk, prolifera-
tion became confined to the basal layer (Fig 7a, b) with comparable
rates in both culture systems, although still elevated as compared
with native epidermis. The epithelial BrdU labeling indices drastic-
ally declined towards later stages (2 and 3 wk), with very similar
kinetics in both culture conditions, approaching about 7% at 3 wk,
a level found in skin explants in vitro (Figs 6 and 7c–f ). These data
demonstrate a remarkable congruence of the proliferative activity
of keratinocytes in both serum-containing and defined medium
throughout the entire observation period. Interestingly, elimination
of cholera toxin from FAD medium did not result in a significant
drop of the proliferative index with 9.6% at 2 wk compared with
10.5% and 10.2% for cultures in complete FAD medium and in
SKDM medium, respectively (not included in Fig 6).
The fibroblast proliferation kinetics showed a striking difference
between serum-containing and defined medium when cell numbers
in the gels were counted (Fig 8). There was a much larger increase
of fibroblasts suspended in collagen gels without keratinocytes
seeded on top in FAD than in SKDM indicating their serum
dependence for growth (Fig 8a). Nevertheless, fibroblasts continued
to proliferate in the absence of serum reaching 3-fold higher levels
after 2 and 3 wk. In cocultures this increase in fibroblast numbers
was similar in SKDM, whereas their number in FAD reached a
nearly stable level after 1 wk, as described earlier (Smola et al,
1993), correlating with the onset of contraction after 1 wk (see
also Sarber et al, 1981; Paye et al, 1987) (Fig 8b). This gel
contraction differed in both media; starting from an original size
of 24 mm the gel diameter in FAD was reduced by 50% within
3 wk of culture, whereas in SKDM by only 25% (Fig 9a–d).
Another difference between the two media concerns epithelial
migratory activity and shrinkage in the developing organotypic
cocultures. In FAD, keratinocytes had soon covered the entire gel
surface (about day 5) and retracted concomitantly with the gel
(Fig 9a). On the other hand, in SKDM cultures, the epithelia
tended to contract during the first 5–6 d to a thickened sheet,
smaller than the gel (Fig 9b). Later on keratinocytes migrated from
these condensed epithelia resurfacing the whole gel at about day
18 (Fig 9b, d).
Taken together, keratinocyte proliferation in the epithelial com-
partment was not much affected by the type of medium, whereas
fibroblast proliferation was retarded under defined conditions.
DISCUSSION
The objective of organotypic skin culture is to generate and
maintain reconstructed tissue with regular features of epidermal
differentiation and morphogenesis. To accomplish this in a
reproducible way is an important task for clinical purposes,
pharmacotoxicologic testing, and for in vitro studies on skin biology.
For practical reasons the complexity of such skin models regarding
their cellular and biochemical components as well as culture
conditions should be kept to a minimum. The defined organotypic
coculture system presented herein widely meets these demands.
The tissue architecture and distribution of differentiation markers
thus obtained grossly recapitulates the situation in native epidermis.
A multitude of methods to cultivate keratinocytes organotypically
have been described by several laboratories using a variety of culture
substrates. In the simplest version the substrate consists of a plain
microporous membrane on which keratinocytes are cultured at the
air–medium interface (Rosdy and Clauss, 1990; Ponec et al, 1997b).
When fibroblasts were cocultured at the opposite membrane surface
this clearly improved keratinocyte growth and epidermis formation
(Limat et al, 1996). Alternatively, dead de-epidermized dermis had
been used with a largely intact basement membrane providing
adequate environmental clues for epidermal organization (Regnier
et al, 1990; Gibbs et al, 1997; Ponec et al, 1997a, b). Otherwise,
dermal equivalents were generated composed of contracted collagen
lattices with incorporated dermal fibroblasts giving rise to ‘‘living
skin equivalents’’ when combined with keratinocytes seeded on
their top surface (Bell et al, 1981; Coulomb et al, 1989; Parenteau
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Figure 2. Immunofluorescence detect-
ion keratinocyte differentiation
markers. Organotypic co-cultures in FAD
medium (a, c, e, g, i) and SKDM medium
(b, d, f, h, j ) are shown at advanced stages
(2 wk, a–d; 3 wk, e–j ). Involucrin is present
in all suprabasal (a, b) and filaggrin in
granular cell layers (c, d) (double labeling
in a and c as well as b and d, respectively).
Whereas membrane-bound transgluta-
minase 1 (e, f) and K2e (g, h) are also
restricted to upper layers, K16 is evenly
distributed suprabasally (i, j ). Counter-
staining for collagen type IV (e–h)
demarcates the basement membrane zone.
Staining is less continuous in SKDM also
due to the partial (f ) and complete (h)
detachment of the epithelium from the
collagen gel. Scale bar: 50 µm.
et al, 1991). Fibroblast containing collagen gels with reduced
contraction, however, have been shown to function as dermal
equivalents as well (Boukamp et al, 1990; Smola et al, 1993, 1998;
Ponec et al, 1997b). Furthermore, mechanical stabilization of
the collagen-fibroblast-constructs was achieved by employing
contraction-restraining frames or rigid collagen composite materials
(Lambert et al, 1992; Michel et al, 1993). An alternative way to
prepare dermal equivalents was introduced by Fleischmajer et al
(1991), which exploits the fibroblasts’ capacity to synthesize,
secrete, and organize connective tissue matrix when growing within
a three-dimensional scaffold. On those in vitro reconstituted dermal
tissue good epidermal differentiation as well as barrier function was
achieved (Contard et al, 1993; Slivka et al, 1993). In general, no
major difference in epidermal tissue reconstruction became apparent
in any particular one of these models, although improvements in
one or the other aspect have been reported.
One major focus of our research activities has been on epithelial–
mesenchymal interactions controlling epidermal growth and differ-
entiation (Fusenig, 1994a). For these studies we have preferred
non-precontracted collagen lattices in which fibroblasts have been
reported to be more active in protein synthesis than in contracting
collagen gels (Lambert et al, 1992). In this system, paracrine
interactions of dermal cells with keratinocytes and their contribution
to the formation of a normal basement membrane were demon-
strated (Smola et al, 1993, 1998).
The aim of this study was to adapt this approved organotypic
culture system to a defined medium (SKDM), and to evaluate
epidermal morphogenesis in comparison with our standard condi-
tions with serum-containing medium (FAD). Most of the
approaches to cultivate organotypic cultures have been done with
serum-containing medium. In addition, there have been attempts
to use serum-free and defined media formulations based on the
FAD medium, i.e., Dulbecco’s modified Eagle’s medium/F12
mixtures, in particular to study epidermal-lipid metabolism (Johnson
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Figure 3. Inverted sequence of expression of the early differentiation markers K1 and K10 in vitro. Organic cocultures (a–g) as compared with
human skin (h) and culture transplants onto nude mouse (i, j). Double immunofluorescent labeling was performed for K1 (green) and K10 (red), thus,
yellow color indicates areas of K1/K10 colocalization. The preceding expression of K10 starts in the second to third cell layer above the basal cells in
FAD (a, c, e) compared with the more regular suprabasal expression in SKDM cultures (b, d, f), In both culture systems K1 begins later than K10
expression and remains retarded over the entire culture period (1 wk, a, b; 2 wk, c, d; 3 wk, e, f). A comparable K10 expression in the first suprabasal
layer is restored in FAD medium without cholera toxin at 2 wk (g) resembling age-matched SKDM cultures (d). The virtually perfect K1/K10 coexpression
in native epidermis (h), where in only a few basal cells K1 precedes K10 expression (arrows), is not yet reestablished in early transplants (2 wk, i), displaying
a still inverted, culture-like pattern, but after 4 wk (j ). Arrows demarcate solely K1-positive cells in (h) and (j ). Scale bar: 50 µm.
et al, 1992; Boyce and Williams, 1993; Chen et al, 1995; Ponec
et al, 1997b). These media, however, contained a multitude of
different additives, such as amino acids, hormones, and growth
factors that partly exceeded physiologic levels and also may render
those formulations difficult to standardize and reproduce (Chen
et al, 1995; Ponec et al, 1997b).
Our attempt was focused on the establishment of a simple,
minimally modified basal keratinocyte growth medium based on
the originally devised MCDB153, which was especially designed
to support keratinocyte growth (Boyce and Ham, 1983). The
commercially available KDM, representing an advanced
MCDB153-modification (Pittelkow and Scott, 1986), supports
keratinocyte and fibroblast survival in conventional monolayer
culture at a very low proliferative rate (Boyce and Ham, 1983;
Baur, 1995). By raising the calcium concentration and adding
transferrin, ascorbic acid, and 0.1% bovine serum albumin, which
by itself has no growth stimulatory effect even at higher concentra-
tions, both keratinocytes and fibroblasts exhibited minimal prolifera-
tion in monolayer cultures on plastic (Baur, 1995). In cocultures
on collagen gels, however, both cell types were well proliferating
in SKDM comparable with cultures in serum-containing FAD
medium (see Figs 6 and 8). This growth promoting effect is
obviously generated by cross-feeding mechanisms between ker-
atinocytes and fibroblasts (see Smola et al, 1993, 1994). Beneficial
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Figure 4. Ultrastructure of organotypic
cocultures after 1 wk. Details of upper
layers with stratum corneum (a, b, e), basal
cells (c, f ) and the epithelium-collagen-
interface (d, g) of cultures in FAD with
serum (a–d) and SKDM (e–g) are presented.
In FAD-medium basal keratinocytes (BK)
are columnar (c) and show some cell
protrusions into the collagen gel (C), which
often become detached and appear as
vesicles (d). In the transitional zone beneath
the stratum corneum (SC), polymorphic
keratohyalin granules are associated with
keratin filaments (a, b, arrows), and cornified
cells appear electron-dense (a). In SKDM
cultures the general features are similar (e,
f ), except for a higher number of vesicles
in the collagen matrix (f, C), and basal
keratinocytes display more cell extensions
(g). Desmosomes are interconnected with
keratin filaments (upper inset in f ).
Moreover, intracellular vacuoles, more
abundant in SKDM-cultures, were present
in all cell layers (e, f ) and represent most
probably lipid droplets (lower inset in f ,
LD). At this timepoint small stretches of
lamina densa (d, solid arrowhead) associated
with hemidesmosomes (inset in d, open
arrowhead) were observed in FAD cultures
but not detected in SKDM. Scale bars: a,
d, e, 2 µm; b, inset in e, g, 0.5 µm; c, f,
5 µm; inset in d and upper inset in f, 1 µm;
lower inset in f, 0.1 µm.
Figure 5. Ultrastructural features of
epidermal maturation at 3 wk in
organotypic cocultures. Aspects of
terminally differentiating keratinocytes (a,
f ), basal cells (b, g), and basement membrane
zone (c–e, h, i) are shown in parallel in
FAD medium (a–e) and SKDM medium
(f–i). In both media basal keratinocytes
(BK) are rich in tonofilament bundles (b,
g) and contain interconnecting desmosomes
(inset in b, open arrow). The terminally
differentiating epithelia produce an
electron-dense stratum corneum (SC) with
cornified envelopes (a, left inset in f, short
arrows). In transitional cells, keratohyalin
granules (f, arrow) and lamellar bodies (inset
in a, curved arrows in a, f and right inset in
f ) are detected, but in contrast to FAD (a)
no lipid discharge is observed in SKDM
(f). Numerous vacuoles are present in the
cytoplasm of basal keratinocytes (BK) and
fibroblasts (Fb) in SKDM cultures (g).
Irrespective of the culture medium
continuous basement membranes are
formed with distinct laminae densae is
formed with a distinct lamina densa (solid
arrowheads in c, d, h, i) and hemidesmosomes
(open arrowheads in d, h, i). Anchoring fibrils
were present in FAD cultures (e) but not
observed in SKDM. Scale bars: a, d, insets
in f, 0.5 µm; b, 5 µm; c, h, 2 µm; e, 0.4 µm;
f, i, insets in a, b, 1 µm; g, 10 µm.
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effects of SKDM on keratinocyte–fibroblast interaction were also
indicated by improved clonal growth of keratinocytes, cocultured
on plastic with fibroblast feeder layers, in SKDM compared with
FAD without serum. Moreover, this growth support was maintained
over 3 wk in organotypic cocultures in contrast to earlier reports,
where cultures were terminated after 8–10 d of air exposure (Chen
et al, 1995) or atrophy encountered after longer incubation times
(Gibbs et al, 1997). In addition, we have demonstrated that
with SKDM a well-developed epidermal histoarchitecture evolved
following the same sequence of stages of reconstruction as observed
in serum-containing medium and in keratinocyte transplants on to
nude mice (Breitkreutz et al, 1997).
The generally observed accumulation of corneocyte layers in
reconstituted epidermis as a result of reduced desquamation has
been correlated with anomalies in lipid composition of the stratum
corneum suggesting a dysregulated lipid metabolism in organotypic
cultures (Vicanova´ et al, 1996). The impaired organization of lamellar
bodies commonly found in organotypical cultures corresponds with
a reduced barrier function of the epithelia formed in vitro (Boyce
Figure 6. Kinetics of epithelial proliferation rates in FAD and SKDM
cocultures. BrdU labeling indices are determined as ratio of BrdU-positive
basal cell nuclei to total number of basal cells counted in four to six vision
fields of two to four sections and expressed as mean percentage values
6 SD. The time course from one representative experiment is shown.
Comparable results have been obtained in four different experiments.
Figure 7. Proliferative activity in
organotypic cocultures visualized by
incorporation of BrdU in DNA-replic-
ating cells. Comparison of cultures in
FAD medium (a, c, e) and SKDM medium
(b, d, f) at 1 wk (a, b), 2 wk (c, d), and
3 wk (e, f). Antibody detection of BrdU
incorporation is visualized by orange
fluorescence, whereas all nuclei are coun-
terstained with Hoechst 33258. In both
media a continuous decline of BrdU-posit-
ive keratinocytes occurs, which are strictly
located in the basal layer from 2 wk on.
Borderline between epithelium and colla-
gen gel marked with dashes in (a), (c), (e).
Scale bar: 50 µm, all same magnification.
and Williams, 1993; Fartasch and Ponec, 1994). These were
structurally less organized and probably dysfunctional in SKDM as
compared with FAD cultures.
Further ultrastructural characteristics of altered cellular physiology
and membrane turnover were the numerous intracellular vacuoles
and extracellular vesicles, which were more pronounced in SKDM.
The intracellular vacuoles were most likely lipid droplets
consisting of triglycerides as described by Ponec et al (1995), which
indicates an altered lipid metabolism apparently due to the lack of
medium ingredients. The latter could be essential lipid or accessory
components with carrier or mediator function such as binding
proteins or antioxidants (Boyce and Williams, 1993). As alterations
of cellular lipids have been shown to diminish the stability of
cellular membranes (Fulbright et al, 1997) this may contribute to
enhanced vesicle formation and shedding, which was seen at the
basal pole of basal cells mainly at an early stage (1 wk). Later on,
parallel with the establishment of a stable basement membrane (at
3 wk), their number was markedly reduced.
The immunolocalization of most differentiation markers in
reconstructed epidermis revealed a remarkable congruence between
serum-containing and defined medium. Except involucrin, whose
onset tends to be generally advanced in hyperplastic situations and
in vitro (Watt et al, 1987; Choi and Fuchs, 1990; Fusenig, 1994a;
Gibbs et al, 1997), the late stage differentiation markers were
regularly expressed such as K2e, filaggrin, and also loricrin (data
not shown). Differences were seen only in the early differentiation
markers K1 and K10. First, under both culture conditions K1 and
K10 expression was inverse, as compared with the in vivo situation,
with K10 preceding K1. This points to a major regulatory defect
in vitro so far not reported in earlier studies. This inversion of K1
and K10 expression is still maintained in early transplants on nude
mice for more than 2 wk and restored only after a considerable
delay. The prolonged period required to re-establish the in vivo
pattern suggests that the slow reorganization of a stabilized dermis
is the rate-limiting step for complete normalization of differentiation
(Breitkreutz et al, 1997).
In FAD the onset of expression of both ‘‘suprabasal’’ keratins
was delayed (see also Choi and Fuchs, 1990; Ponec et al, 1997a),
whereas in SKDM at least K10 showed a regular suprabasal
distribution initially followed by K1 at 2 wk. As cell proliferation
became confined to the basal layer after 1 wk in both media, there
was apparently no strict link to the control of K1 and K10.
Obviously, serum factors were not responsible on their own for
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the delayed onset of K1 in FAD medium, as omission of the cholera
toxin supplement gave rise to a largely comparable pattern as in
SKDM. Thus, elevation of intracellular cyclic adenosine monophos-
phate, caused by the toxin (Green, 1978), rather seemed to interfere
with the control of differentiation-specific gene expression than to
increased keratinocyte proliferation in these organotypic cocultures
as the BrdU-labeling-indices in FAD with (10.5%) and without
cholera toxin (9.6%) are within the same range. This also implies
that epithelial proliferation was mainly under the control of
mitogenic signals from the cocultured fibroblasts (Smola et al,
1993, 1994).
Epidermal differentiation is also regulated by retinoids, which are
Figure 8. Population dynamics of fibroblasts in dermal equivalents
and cocultures. Fibroblasts grown in collagen lattices incubated in FAD
or SKDM as monocultures (a) or cocultured with keratinocytes seeded on
top (b) were released by thermal dissolution and counted. Numbers are
mean 6 SD of two experiments performed in a comparative setting, each
measured in triplicate. In addition, three experiments have been done
separately in FAD, and two in SKDM yielding similar kinetics as shown.
Figure 9. Time-dependent contraction of organotypic cocultures.
To compare the effects of FAD (a) and SKDM (b) the diameters of the
dermal equivalents (collagen gels) and the epithelia of cocultures are
measured separately over a period of 20 days. Values given are from one
representative experiment with at least four cultures per time point and
expressed as mean 6 SD. Macroscopic views of 3 wk old organotypic
cocultures in serum-containing FAD medium (c) and defined SKDM
medium (d) illustrate the different degrees of retraction. Scale bar: 1 cm.
provided in conventional culture media by the serum supplement
(Asselineau et al, 1989; Choi and Fuchs, 1990; Breitkreutz et al,
1993). As we demonstrated here, the defined medium SKDM,
although devoid of serum and retinoids, supports keratinocyte
differentiation and morphogenesis in organotypic cocultures as well
as serum-containing FAD. This finding could be explained in two
ways: (i) internal retinoid stores in the cultivated cells may be
sufficient, at least initially, or (ii) vitamin A can be replaced by
other factors. The latter idea refers to the growing number of
nuclear receptors related to and interacting with the retinoid
receptors (RAR, RXR) (Green, 1993). Because of their
combinatorial potential those receptors may allow different ligands
to mimic vitamin A in activating retinoic acid-responsive genes
(Meier, 1997). Fatty acids, isoprenoids, and also eicosanoids might
be possible candidate ligands (Hanley et al, 1997).
We reported recently that organotypic cocultures in FAD are
able to reconstitute a regularly organized basement membrane
(Smola et al, 1998). In SKDM, a reduction in deposition of basement
membrane components was seen by immunohistochemistry as
exemplified for type IV collagen (Fig 2e–h). In addition, ultra-
structurally the basement membrane did not comprise detectable
anchoring fibrils, which correlated to an only marginal deposition
of type VII collagen, the respective structural protein (not shown).
This reduced deposition of basement membrane components in
SKDM cultures may be due to the diminished fibroblast function
in the collagen matrix, which contribute significantly to basement
membrane synthesis either directly or by paracrine induction
in keratinocytes (Smola et al, 1998). Furthermore, synthesis of
extracellular matrix and respective receptors has been shown to be
considerably stimulated by serum components such as transforming
growth factor β (Chen et al, 1994; Zambruno et al, 1995).
The presence of fibroblasts in organotypic cocultures has proved
indispensable for a prolonged life span, regular differentiation, and
basement membrane formation in organotypic cultures based on
collagen gels (Smola et al, 1993, 1998; Fusenig, 1994a). Therefore,
in developing the SKDM medium also its capacity to sustain
fibroblast growth had been carefully established (Baur, 1995).
Although numerous proliferating fibroblasts were only seen in FAD
(Fig 7a, c, e), the actual increase of fibroblast number was strikingly
similar in SKDM and FAD cocultures (Fig 8b). In contrast,
fibroblast monocultures in collagen gels (without keratinocytes on
top) exhibited a significantly higher increase in cell number in
FAD than in SKDM. Thus, the depression of fibroblast number in
FAD in the presence of keratinocytes (see also Smola et al, 1993)
may be caused by growth-inhibitory factors either produced by
keratinocytes under the influence of serum factors or activated
from serum-derived latent forms.
In general, adaptation of the approved organotypic keratinocyte–
fibroblast coculture system to a simple defined medium resulted in
epidermal differentiation and morphogenesis, comparable with that
obtained in serum-supplemented medium, although in certain
aspects either overt deficiencies (lipid metabolism) or delayed
performance (basement membrane component production) became
apparent. Nevertheless, this provides a valuable in vitro skin equiva-
lent to study the molecular mechanisms of epithelial–mesenchymal
interactions, for such specific limitations, on the other hand,
may represent sensitive parameters for experimental evaluation.
Moreover, the exclusion of ill-defined complex biologic additives
enables the standardization of the in vitro system for pharmacotoxico-
logic testing as well as for clinical use as skin substitutes.
A central aspect in future optimizing efforts will be the
renormalization of the lipid metabolism in the reconstructed
epidermis. Essential fatty acids, antioxidants, and ligands for the
RAR family of nuclear receptors are all candidate supplements
thought to be effective in restoring the epidermal barrier function
(Boyce and Williams, 1993; Roop, 1995; Hanley et al, 1997; Ponec
et al, 1997b). For many various fields of interest the defined
organotypic coculture model presented here could be a useful
device. Thus, we anticipate it to contribute further to successful
investigations into the biology of the skin.
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